LiFePO 4 has recently been proposed for use as a potentially low-cost, environmentally benign, and safe alternative to LiCoO 2 cathode materials for rechargeable lithium batteries. 1 Rate limitations make it difficult to achieve full utilization of this material near room temperature and at moderate current densities, although the theoretical capacity of 170 mAh/g, based on the two-phase reaction 2 LiFePO 4 <)H32 4 +Li + + e -, is attractive. The poor rate capability has been attributed to low electronic conductivity and/or slow diffusion of lithium ions across the two-phase boundary. To address these issues, researchers have optimized synthesis techniques to minimize particle size without compromising purity 3 or have incorporated additives to increase conductivity. and was added to glycolic acid (1:2 metal:glycolic acid ratio). Ammonium hydroxide was added to the solution to adjust the pH to between 8.5 and 9.5. The solution was then heated at 70-80°C under N 2 until a gel formed. The gel was transferred to an alumina boat, heated slowly to 500ºC under flowing N 2 , and decomposed at that temperature for ten hours. The resultant powders were then ground, dried, and heated to 600 or 700ºC under a flow of N 2 gas, for 5-15 hours. For some samples, 4 wt. % naphthalenetetracarboxylicdianhydride was added during the grinding step, before a final heating at 600Û& IRU WHQ KRXUV 0RUH FRPSOHWH SURFHVVLQJ GHWDLOV DQG GHVFULSWLRQV RI these materials will be presented in a subsequent publication.
A Siemens D5000 diffractometer was used to obtain x-ray powder diffraction patterns for the samples, using Cu Kα radiation (λ=1.54A). Particle sizes were determined with a Beckman Coulter particle size analyzer (model LS 230, with small volume module) and a scanning electron microscope (ISI-DS 130C dual stage) was used Cells were cycled galvanostatically at a current density of 0.055 mA/cm 2 between 2.5 and 3.9 V at room temperature, using a Macpile II galvanostat/potentiostat (Bio-Logic SA, Claix, France).
Results and Discussion
All To investigate this phenomenon further, Raman microprobe spectroscopy was employed. The Raman spectra of sol-gel and 3A materials with mean primary particle VL]HV EHORZ P DUH VKRZQ LQ )LJXUH All Raman spectra consisted of a relatively small band at 940 cm -1 , which corresponds to the symmetric PO 4 stretching vibration of LiFePO 4 , and intense broad bands at 1350 and 1580 cm -1 that can be assigned to the D and G bands of residual carbon, respectively. The relative intensity of the D band vs. G band is attributed to increased carbon disorder, for example, in microcrystalline graphite. 10 Tuinstra and Koenig 11 showed that the ratio of D/G integrated peak intensities is inversely proportional to the intra-planar microcrystallite distance, L a . Thus, the Raman spectra of the samples are consistent with LiFePO 4 uniformly coated with a highly defective nanocrystalline carbon with a significant contribution from various short-order sp 2 and sp 3 types of carbon and functional groups adsorbed on the surface.
The structure and physicochemical properties of carbon produced from organic precursors change dramatically as a function of the pyrolysis temperature in the range from 600 to 1000 o C. 12 Current-sensing AFM and four-point probe measurements revealed that the carbons produced at a low pyrolysis temperature (600 o C) have low electronic conductivity, but the conductivity increased dramatically for carbons obtained at temperatures above 700 o C. 13, 14 We found that there is a strong correlation between the structure of residual carbon and LiFePO 4 utilization in lithium cells at 0.055 mA/cm 2 . To resolve the Raman spectra of carbon in our samples, we applied a standard peak deconvolution procedure. and sol-gel prepared samples (see Figures 1, 2) . The discharge profile of a cell with a sample 1C2 cathode, made with naphthalenetetracarboxylicdianhydride, is compared to those of 7SG, 15SG, and 3A, made without additives, in Figure ( 3). Utilization is increased by about 25% for 1C2 over that of 7SG, processed identically without the additive, and more than 40% for 15SG, which was heated five hours longer at 600ºC than were 7SG and 1C2. The physical characteristics of the sol-gel samples are similar, but the carbon content varies: 0.4% for 15SG, 0.69% for 7SG, and 1.15% for 1C2. Significantly, 1C2 also outperforms 3A, which contains more carbon (1.5%).
We are continuing our investigations into the optimization of conductive coatings on lowcarbon-content LiFePO 4 samples. Configurations used to demonstrate high power density in cells containing LiFePO 4 electrodes are, at present, unrealistic due to the large sacrifice in volumetric energy density associated with very thin electrodes and high carbon contents. A better understanding of the structure of carbon on the surfaces of LiFePO 4 electrode materials should allow coating amounts to be minimized, so that high power can be achieved without an undue sacrifice in energy density.
Conclusions
A comparison of LiFePO 4 samples made by sol-gel and solid-state methods indicates that higher discharge capacities obtained in lithium cells are correlated with the structure and electronic conductivity of residual carbon on particle surfaces. By incorporating small amounts of a polyaromatic additive during synthesis of the sol-gel materials, a carbon coating with increased sp 2 character could be produced, resulting in enhanced performance over samples with similar physical characteristics, even those with higher overall carbon contents. This result implies that it should be possible to minimize carbon content by optimizing the structure and coverage of carbon on particle surfaces. Samples designated #SG (where # represents a batch number) were prepared by a sol-gel process, and 3A was prepared by solid-state synthesis from iron acetate). ). 
